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SZ cluster science with the Planck HFI experiment
Steen H. Hansen
Physich Institute, Winterthurerstrasse 190, 8057 Zurich, Switzerland
Summary.— In the near future the Planck satellite [1] will gather impressive infor-
mation about the anisotropies of the cosmic microwave background and about the
galaxy clusters which perturb that signal. We will here review the ability of Planck
to extract information about these galaxy clusters through the Sunyaev-Zeldovich
imprint. We will conclude that Planck will provide a catalogue of galaxy clusters,
which will be very useful for future targeted observations. We will explain why
Planck will not be very good in extracting detailed information about individual
clusters, except for the dominating Compton parameter, y, which will be measured
to a few percent for individual clusters. In this last point I am being rather conser-
vative, but that will leave space for pleasant surprises when the Planck data will be
analysed.
1. – Introduction
The Planck satellite will be a real piece of art and an amazing piece of hardware. It
will provide us with information about the cosmic background radiation (CMB) beyond
the wildest imagination of most people, surely beyond mine. The sensitive detector
will be sent far into space, over a million kilometers from earth, where it will be better
protected from the Sun and Earth radiation. The satellite will be spinning and carefully
mapping the whole sky. Thus it will give us accurate data about the full CMB sky, and
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about all the obstructions and contaminations between us and the last scattering surface
of the CMB.
Many research years have been, and will still be, devoted to the analysis and inter-
pretation (and possibly even understanding) of the CMB signal, and there is no question
that the main scientific goal of Planck will be to carefully study the CMB. In that sense
all the foregrounds, such as galaxy clusters and dust, are just contaminations which will
have to be carefully removed. I am going to be discussing if we can use this removed
“contamination” for anything useful. It is rather amusing that such beautiful structures
as galaxies and galaxy clusters are just considered to be contamination by many CMB
people.
The analysis of the Planck CMB data will determine many of the cosmological pa-
rameters very accurately. This includes dark matter and dark energy parameters as
described by R. Bean and A. Melchiorri in these proceedings. Numerous papers have
reviewed the expected precision with which Planck will determine such parameters, in-
cluding refs. [2, 3, 4].
One important strength of Planck is that it will have 9 observing frequencies, and as
we will see below this will allow a separation of the CMB signal from the contaminations.
The actual construction and optimization of performance of the Planck detector is a very
complicated process, and I refer to the lectures by P. de Bernardis and J. M. Lamarre
in these proceedings for all the details. There are also recent nice reviews on the two
instruments on-board Planck [5, 6], see also [7, 8, 9].
Planck will find of the order 10 thousand massive galaxy clusters out to a redshift of
z ∼ 1.5. This cluster catalogue will be deeper and larger (all sky survey) than any other
existing catalogue. This cluster catalogue will be very useful on its own and for future
follow-up observations. It is the goal of this lecture to discuss at an elementary level how
this will be achieved, and secondly we will discuss more carefully what Planck will not be
able to do. Several groups have addressed similar issues already, see e.g. refs. [10, 11, 12].
2. – Extracting the CMB
The first question we have to ask is naturally how bad are the contaminations? Or in
other words, will we be able to extract the CMB signal accurately enough to do proper
CMB parameter extraction?
There are many foreground components which will have to be removed, these include
infrared galaxies, dust, synchrotron radiation, free-free emission, radio sources and the
Sunyaev-Zeldovich effect. It turns out that the dominating contamination at the CMB
frequencies is the SZ effect, and it is therefore crucial that we can separate the CMB
signal from the SZ signal. We will discuss the physics of the SZ effect in the next section.
As is clear from fig. 1 (from ref. [13], see also ref. [14]) the power spectrum of the CMB
is dominated by the SZ effect for l > 2000. This is very important for the CMB analyses
of inflationary parameters, because if we wish to allow e.g. a variation of the spectral
index, then a contamination free high-l part of the power spectrum is crucial [15].
Now, how is this component separation done? The different signals will have different
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Fig. 1. – The CMB power spectrum is seriously contaminated by the SZ power for l > 2000. The
first question is, if this poses a serious problem for CMB analysis? Figure taken from ref.[13].
frequency dependence. For instance, the unresolved radio sources will have most power at
low frequencies (30-70 GHz), and the dust will have most power at high frequencies (545-
857 GHz). Fortunately the SZ signal will be sitting right in the middle, with most power
on frequencies 143-353 GHz. Thus, if we have several observing frequencies then we can
use the different frequency dependence of the signals to separate them. For an excellent
review of the different contaminations see [16]. As mentioned in the introduction, Planck
will have 9 observing frequencies between 30 and 857 GHz. In this way Planck can very
carefully separate all the different signals, hence removing the contaminations from the
CMB signal. The frequencies important for SZ science, 143-353 GHz are sitting on the
HFI instrument [6].
Already years ago it was understood that this component separation works so well
that the SZ signal will not be a major obstruction to CMB science [17, 18], and this has
been confirmed by several much more advanced studies [12, 19]. An early figure showing
that the reconstructed CMB power is sufficiently accurate it presented in fig. 2
One point deserves a few comments, namely that the kinetic SZ effect has the same
spectral behaviour as the CMB signal itself. How can one then separate these two?
Basically one has to take advantage of the fact that the thermal and kinetic SZ effects
are spatially correlated. Thus if you find a cluster (through the thermal effect) then you
can expect a kinetic effect to be right at that point in space - and at that point only. You
can therefore interpolate (guess) the surrounding CMB signal through those points, and
then you are left with the kinetic effect [20]. This method seems to work surprisingly
well.
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Fig. 2. – The dotted line is the true CMB signal, and the full line is the CMB signal plus non-
removed SZ contamination. The CMB power is well recovered from the contaminated signal.
Here the figure uses k ≈ 28 · l, and the Power is the “plane” approximation of the normal Cl
(Fourier coefficients instead of spherical harmonics). Figure taken from ref. [18].
We may summarize this section by stating that even though the SZ signal is very large,
then it can be removed sufficiently accurately that the CMB analysis can be performed
with no problem. This was the main goal of Planck, to do CMB analysis, so everyone is
happy. The next question to ask is whether we can use the removed SZ signal itself for
a further cluster analysis?
3. – The Sunyaev-Zeldovich effect
Let us make a small break from Planck and briefly discuss the SZ effect itself.
Galaxy clusters typically have temperatures of the order keV, T = 1−10 keV. There-
fore a CMB photon which traverses the cluster and happens to Compton scatter off a
hot electron will get increased momentum. This up-scattering of CMB photons, which
results in a small change in the intensity of the cosmic microwave background, is known
as the Sunyaev-Zeldovich effect, and was predicted just over 30 years ago [21]. The first
radiometric observations came few years later [22, 23], and while recent years have seen
an impressive improvement in observational techniques and sensitivity [24, 25], the near
future observations will see another boost in sensitivity by orders of magnitude.
From a theory point of view, the importance of a correct treatment of the electron
distribution function was emphasized about 25 years ago [26], but an exact calculation of
the SZ effect was made only recently [27]. Numerous groups have considered expansion
in temperature, which works accurately enough, and all the details are presented by Y.
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Rephaeli and N. Itoh in these proceedings, and in the references [28, 29, 30, 31].
In principle the relativistic corrections from a high electron temperature can be mea-
sured with a multi-frequency observation, and hence one can use purely the SZ effect
to determine the cluster temperature [32, 33]. This method is complementary to X-ray
observations, because the SZ temperature determination, which simultaneously measures
the electron density, ne, does not depend on an unknown clumping factor, as does the
X-ray detection. Furthermore, the SZ effect depends on very simple physics, whereas
understanding the X-ray signal is very complicated.
We have analysed existing SZ data and made the first cluster temperature detections
using purely the SZ observations [33, 34]. These temperature detections have large
error-bars due to the limited sensitivity of present day observations, but it has hereby
been shown that this method of temperature determination works, and this method can
become a powerful tool for cluster studies with future dedicated SZ surveys, and we will
later ask how well Planck will do here.
4. – Finding the clusters
Most clusters have angular size of about 2 arcmin, so since Planck channels will
have angular resolution of 5 arcmin for 217 and 353 GHz channels (and 7 arcmin for
143 GHz), then the individual clusters will not be spatially resolved (except a few very
nearby ones) [11]. Whatever characteristics of the cluster we are going to measure will
be averaged over the full cluster. At some stage one will have to ask how this average
is done, is it an average over mass, an average over X-ray intensity, or an average over
SZ-intensity? Naturally there will be a difference between averages over X-ray or SZ
intensity, and one should therefore be rather careful with this technical point [35].
A good way of thinking of the cluster detection is the following [11]. First you use
all the very high and very low frequencies to remove foreground contamination. Next
take the difference between the 353 GHz and the 217 GHz channels. These two channels
have the same angular resolution, and since the SZ effect roughly vanishes at 217 GHZ,
then the resulting map will be a fair representation of the clusters. That’s it! We now
have a full sky map of all the clusters, which are simply sitting at the maxima of this
difference-map. This method is really simplistic, and this is just a good way of thinking
of the procedure.
Next you naturally have to start asking how well this procedure works. What is the
completeness, that is how many of all the clusters did you actually find? Second, what
is the reliability, that is how many non-existing clusters did you find? With these two
numbers you get a good measure of your cluster detection algorithm, and one can start
discussing which is the optimal. Today very advanced methods have been developed, see
e.g. [36, 12, 37, 38, 39].
We should dwell a while on the question of completeness and reliability. In order to
get these two important numbers we need a full test sky map of clusters. Basically we
need to know what Planck realistically will be seeing, and since a numerical simulation
of a full universe with both dark matter and baryons is impossible today (by far!), then
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we have to do something smarter.
First we have to get realistic clusters and peculiar velocities, and to that end we must
make a full sky simulation of the dark matter structures [40]. Collisionless dark matter
is relatively simple to simulate, so this will allow up to 109 particles in the simulation.
This will provide the basic structure of the entire universe, namely a description of the
positions and peculiar velocities of all the gravitationally dominating dark matter.
Next you need to include the baryons. After all, the SZ effect is a measure of the dis-
tribution of the baryons and electrons, so this should be done as carefully as possible. For
a given total mass of the dark matter structure we know fairly well the radial distribution
of the dark matter [41, 42, 43]. Thus, you just need for ’each’ of the DM structures in
the full universe simulation to make another simulation including the baryons. This is
naturally impossible, so instead one makes the following smart trick. We simulate several
clusters of different masses. In reality we only simulate relatively few, but we do those
very carefully. Then for a given cluster from the full DM simulation we can ’interpolate’
between these accurately calculated clusters. This procedure is astounding, in my view,
and the results are impressive! The most recent implementations [37, 12] thus provide a
very realistic full SZ sky, both thermal and kinetic.
Let us get the perspective back. We now have a realistic full SZ sky, and we can
use this to develop different methods of finding clusters. Even better, we can compare
the methods and find which one is the best for Planck. The conclusion is roughly that
Planck will detect about 104 clusters out to redshift slightly beyond z = 1, with fairly
good completeness and reliability.
Thus Planck will create a beautiful catalogue of clusters, which basically includes all
the massive clusters all the way out to redshift of 1 or 1.5. This catalogue is larger, deeper
and has more sky-coverage than any other existing catalogue. This cluster catalogue will
be very useful for future follow-up observations. One can e.g. imagine a targeted SZ
study, which selects the 100 brightest clusters in the universe for a careful study of radial
temperature and density profile, which then can be compared with numerical simulations.
We remember that the SZ observations are particularly powerful for large radii and for
distant clusters. The last is because the SZ is a distortion of the CMB and hence basically
redshift independent, and the ’large radius’ is because the SZ effect is proportional to the
electron density, ISZ ∼ ne, whereas the X-ray emission is proportional to the electron
density squared, SX ∼ n
2
e. I wish to repeat and emphasize that this catalogue in itself is
very useful, and we should do our best to make it as accurate as possible!
Now, having established that the catalogue will come into existence, let us proceed
and discuss how accurately we will measure the cluster parameters of the individual
clusters.
5. – Cosmology from the cluster catalogue?
Basically, when we know the number, n(M), of clusters of mass M, as a function
of redshift z, then we know the cosmology. Thus if we have a complete and reliable
catalogue which gives us n(M), then we can extract cosmological parameters like the
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Fig. 3. – The dilution effect from the relativistic corrections. The solid line is the non-relativistic
effect (cold cluster), and the dashed (dotted) line is for a 10 keV (20 keV) cluster. Figure taken
from ref. [18].
matter density, ΩM , cosmological constant, ΩΛ etc etc (see e.g. [44] for references). I
personally believe that most of the studies conducted so far (which I do not cite here)
are very optimistic, and I do not advise people to blindly perform parameter extraction
with the cluster catalogue. Some of the reasons are the following.
The first point is naturally that one must understand the completeness and reliability
of the catalogue very accurately, in order to get realistic error-bars. Many people have
studied these numbers, however, there are always effects which are not included, and the
systematic error-bars from non-included effects are very hard to estimate. For instance,
the relativistic corrections to the SZ effect will dilute the SZ signal at 353 GHz, which
implies that a given cluster will appear less bright than expected (see fig. 3). This will
be a problem for the marginally detectable clusters; we may think we should see them,
but because of the dilution effect they may be just non-detectable. Even worse, the
dilution effect is largest for the large and bright clusters, which are very important for
cosmological parameter extraction.
Another point is the question of scaling-relations. Basically we have to make an
assumption about the connection between temperature and mass, the famous M-T re-
lation. But what do we use here? Do we use the observed M-T relation from X-ray
observations? No, because the weight from non-isothermal clusters is different between
X-ray observations and SZ observations. Do we use a theoretical M-T relation or one
from simulations? I think this would be very dangerous, after all these relations are still
not in very good agreement with observations, even after years of effort. And finally, in
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Fig. 4. – Two clusters with different temperatures and peculiar velocity, T = 5 keV, vp = −145
km/sec and T = 7 keV, vp = −260 km/sec (full and dotted lines) are virtually indistinguishable,
whereas the cluster with T = 6 keV, vp = 0 km/sec (dashed line) is clearly different. Figure
taken from ref. [48].
most of these studies one has to make an assumption about the radial dependence of the
baryons in the clusters, and what do we choose - A beta-model for the baryons [45], or
a NFW profile [41], or something completely different [46, 47]? Basically my worry is,
that it is unclear today how to realistically estimate the systematic error-bars from an
insufficient (or incorrect) assumed profile.
Thus, I personally don’t believe we are in a position to use the Planck cluster catalogue
for a measurement of cosmological parameters yet - there is still much work needed before
we reach that level. I should clarify that all those objections above are my personal view,
and that many scientists, even very good ones, believe that I am being overly pessimistic.
However, this leaves space for pleasant surprises down the data-analysis road.
6. – Cluster parameters from single clusters
Having read the section above you may be asking yourself: Why don’t we simply
measure the cluster temperature of the individual clusters directly with the SZ? After all,
the SZ effect depends on 3 parameter, the dominating Compton parameter y, the peculiar
velocity, vp, and the cluster temperature, Te. If we have multi-frequency observation of
the SZ effect, then we can separate the components and directly measure the cluster
temperature.
The first problem is that some of the cluster parameters are degenerate. This means
that two clusters with different temperature, peculiar velocity and Compton parameter,
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Fig. 5. – The temperature of individual clusters will have larger error-bars.
may produce virtually indistinguishable spectra. An example hereof is given in fig. 4
where two clusters (full and dotted lines) have parameters, T = 5 keV, vp = −145
km/sec and T = 7 keV, vp = −260 km/sec respectively. These two lines are essentially
on top of each other. In comparison, the cluster (dashed line) with T = 6 keV, vp = 0
km/sec is clearly different.
Another problem is that the SZ signal is contaminated. The signal which we have
to analyse is a sum of different components. First there is the SZ signal, but there is
also interstellar dust emission, infra-red galaxies and radio sources. Naturally there is
also a contamination from the CMB itself. All these contaminations have to be either
monitored and removed, or controlled and extracted [49, 10, 50, 51, 52, 53, 54, 55, 56].
At the end of the day you will still be left with a little bit of contamination - it is
simply not possible to remove everything. A specific example could be that you assumed
that the non-removed radio sources (or the dusty galaxies) would have a specific spectral
behaviour - e.g. a simple power-law. This may be a wrong assumption and you would
systematically be biasing your results.
How would this affect the SZ parameters? Let’s assume that you have a little bit
of non-removed radio sources. That means that you have removed most of the radio
sources, but there is still a little bit you didn’t completely remove, maybe because you
made the simplifying assumption that it follows a power-law. A contamination from
radio sources gives a positive contribution at low frequencies, where the dominating y
parameter is determined, leading to a smaller value for y. Now, with this smaller value
for y, the high frequency signal seems too high, which can only be compensated with a
very small temperature. Finally, the velocity term goes like vp/Te, so with a very small
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Fig. 6. – The Compton parameter, y, as Planck will measure for individual clusters. The
brightest clusters will be measured to about 1%, and the dimmer clusters to about 10%.
temperature, vp is also forced to be very small. In reality, this leads approximately to
Te ≈ vp ≈ 0.
Similarly, the effect on the SZ parameters from a non-removable IR galaxies or dust
emission is easy to understand, see ref. [56].
Looking at fig. 5 we see the final result for Planck cluster temperature determination.
The conclusion is that Planck will not be able to extract the temperature for individual
clusters, except for the hottest ones. It is worth remembering that if one has the courage
to make specific assumptions for the spectral behaviour of non-removed dust or point
sources, then one can decrease the error-bars on fig. 5, and hence extract the cluster
temperature for individual clusters.
The discussion above concludes that we cannot expect to measure the sub-dominant
SZ parameters, however, what about the dominating Compton parameter, y. Fortunately
this can be measured by Planck, and even to a very good precision.
The Compton parameter will be measured to about 1% for the brightest clusters, and
to about 10% for the dimmer clusters (see fig. 6). This is very good news, because these
numbers were obtained under the (rather pessimistic) assumption that we don’t know
the spectral behaviour of all the non-removed contaminations. Thus, the accuracy with
which Planck will measure y may be even better.
We therefore conclude that Planck will measure a very large number of clusters, of
the order 10 thousand, and the Compton parameter for each individual clusters will
be measured to a few percent. This is what will give us a great catalogue for future
targeted SZ experiments. All in all, Planck will measure the CMB accurately, and also
SZ cluster science with the Planck HFI experiment 11
provide a cluster catalogue which is larger, deeper and has more sky-coverage than any
other existing catalogue. Naturally, one can use Planck for investigating less conventional
(more funny?) physics, such as asteroids [57], highly relativistic electrons [58] etc, but I
will leave that discussion for another good day.
7. – Conclusions
The Planck satellite is a true piece of art, which will provide impressive information
about the CMB sky. The SZ signal can easily be removed, and will not be a problem for
CMB parameter extraction.
Planck will also give us a cluster catalogue which is larger, deeper and has more sky-
coverage than any other existing catalogue. The Compton parameter for the individual
clusters in this catalogue will be measured to 1% accuracy for the brightest clusters, and
to about 10% for the dimmer clusters. Such a catalogue is very useful for future targeted
SZ studies.
I have argued why I personally believe that the systematic errors for the individual
clusters are still so hard to assess, that cosmological parameter extraction with this
cluster sample will be very difficult. My view is rather conservative, so this leaves space
for pleasant surprised when we will analyse the coming Planck data carefully.
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